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Negative dysphotopsia: Causes and ®
rationale for prevention and treatment

Jack T. Holladay, MD, MSEE, Michael ]. Simpson, PhD

Purpose: To determine the cause of negative dysphotopsia using
standard ray-tracing techniques and identify the primary and
secondary causative factors.

Setting: Department of Ophthalmology, Baylor College of Medi-
cine, Houston, Texas, USA.

Design: Experimental studly.

Methods: Zemax ray-tracing software was used to evaluate
pseudophakic and phakic eye models to show the location of
retinal field images from various visual field objects. Phakic retinal
field angles (RFAs) were used as a reference for the perceived
field locations for retinal images in pseudophakic eyes.

Results: In a nominal acrylic pseudophakic eye model with a
2.5 mm diameter pupil, the maximum RFA from rays refracted by
the intraocular lens (IOL) was 85.7 degrees and the minimum

photopsia," the cause is still controversial and has

not been satisfactorily explained.” Our purpose is to
point out an oversight in a previous article by Holladay
et al.” and Holladay® and to clarify the factors that
contribute to negative dysphotopsia. We propose a unify-
ing concept that explains all the current findings for symp-
toms and treatment based on standard ray tracing.

We will show via ray tracing that the “extreme” periph-
eral retinal image (above a visual field angle [VFA] of 80
degrees) is formed from 2 optical paths; that is, (1) rays
that are refracted by the intraocular lens (IOL) and (2)
those that miss the IOL. If there is a gap between these
2 retinal images, it is perceived as a dark shadow and nega-
tive dysphotopsia results. The primary and secondary
factors that determine the presence of a gap or overlap
will be discussed.

S ince the original clinical description of negative dys-

MATERIALS AND METHODS

Zemax ray-tracing software (Radiant Zemax) was used to evaluate
pseudophakic model eyes and phakic model eyes. A phakic eye

RFA for rays missing the optic of the IOL was 88.3 degrees, leaving
a dark gap (shadow) of 2.6 degrees in the extreme temporal field.
The width of the shadow was more prominent for a smaller pupil,
a larger angle kappa, an equi-biconvex or plano-convex IOL
shape, and a smaller axial distance from iris to IOL and with the
anterior capsule overlying the nasal IOL. Secondary factors
included IOL edge design, material, diameter, decentration, tilt,
and aspheric surfaces.

Conclusions: Standard ray-tracing techniques showed that a
shadow is present when there is a gap between the retinal
images formed by rays missing the optic of the IOL and rays
refracted by the IOL. Primary and secondary factors
independently affected the width and location of the gap (or
overlap). The ray tracing also showed a constriction and double
retinal imaging in the extreme temporal visual field.
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was used to provide a basis for comparing VFAs and retinal field
angles (RFAs).

Eye Model Specifications

Table 1 shows the nominal values for the phakic eye model and
acrylic and silicone pseudophakic eye models. The parameters
are based on both the earlier papers by Holladay et al.” and Holla-
day* and values for the phakic eye by Liou and Brennan.” The
radius and conic constant values for the anterior and posterior
crystalline lens surfaces were adjusted to make the eye emmetropic
and to give an overall profile similar to the that of the natural lens.
The table includes nodal points and IOL power values calculated
by the ray-tracing software. A distant point source was used for
ray-tracing evaluations, and the eye was rotated to change the
input angle.

Figure 1 shows a horizontal section of the schematic human
right eye used for ray-tracing modeling. The cornea and retina
are identical for all 3 eye models (phakic, acrylic pseudophakic,
and silicone pseudophakic), and the location of the fovea is the
same for all eyes at a 5.0 degrees angle to the posterior pole (optical
axis) in the temporal direction. This is also known as angle alpha
(o), which is the angle between the visual and optical axes of the
eye. A nominal 2.5-degree angle kappa (k)° was created by decen-
tering the pupil nasally by 0.17 mm. (See sixth paragraph of

Submitted: August 5, 2016 | Final revision submitted: November 18, 2016 | Accepted: November 20, 2016
From the Department of Ophthalmology (Holladay), Baylor College of Medicine, Houston, and Optics R&D Consultant (Simpson), Simpson Optics, Arlington, Texas,

USA.

Corresponding author: Jack T. Holladay, MD, MSEE, 5108 Braeburn Drive, Bellaire, Texas 77401-4902, USA. E-mail: holladay@docholladay.com.

© 2017 ASCRS and ESCRS
Published by Elsevier Inc.

0886-3350/$ - see frontmatter
http://dx.doi.org/10.1016/j.jcrs.2016.11.049


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcrs.2016.11.049&domain=pdf
mailto:holladay@docholladay.com
http://dx.doi.org/10.1016/j.jcrs.2016.11.049
Jack T. Holladay
Highlight


264 LABORATORY SCIENCE: NEGATIVE DYSPHOTOPSIA

Table 1. Nominal values for phakic, acrylic and silicone pseudophakic eye models.

Parameter* Phakic Eye Model
Corneal front surface radius 7.76
Corneal front surface Q-value —0.26
Corneal index of refraction @ 555 nm 1.376
Corneal thickness 0.55
Corneal back surface radius 6.36
Corneal back surface Q-value —0.24
Pupil plane 3.60
Lens front surface vertex 3.60
Lens front surface radius 9.92
Lens front surface Q-value +2.5

Lens index of refraction @ 555 nm Grad A and Grad P!

Lens thickness 4.02
Lens posterior surface vertex 7.62
Lens posterior surface radius —6.48
Lens posterior surface Q-value +0.50
Lens equivalent power 23.69
Lens diameter (full optic to edge) 9.5
Primary nodal point (N1) 7.039
Secondary nodal point (No) 7.321
Axial length 23.5

Pseudophakic Eye Model

Acrylic IOL Silicone I0L
7.76 7.76
—0.26 —0.26
1.376 1.376
0.55 0.55
6.36 6.36
-0.24 —-0.24
4.00 4.00
4.50 4.50
19.69 11.05
0.00 0.00
1.550 1.460
0.66 1.03
5.16 5./58
—19.69 —11.05
0.00 0.00
21.74 22.35
6.00 6.00
6.778 6.819
7.036 7.069
23.5 23.5

Grad = gradient refractive index values for anterior and posterior crystalline lens from Liou and Brennan model®
*All values in millimeters, with axial distances from anterior corneal vertex and angle k = +2.5°

TAir index of refraction = 1.000; tear, aqueous, and vitreous index = 1.336

Discussion about angle k.) There are important differences be-
tween the phakic model and pseudophakic models. For the phakic
model the pupil and anterior vertex of the crystalline lens are at
3.6 mm, whereas for the pseudophakic models the pupil is at
4.0 mm and the anterior vertex of the IOL is at 4.5 mm. The thick-
ness of the crystalline lens is 4.02 mm, but the acrylic IOL and sil-
icone IOL have a thickness of 0.66 mm and 1.03 mm, respectively.
The IOLs are nominally equi-biconvex, with a 0.2 mm edge thick-
ness, and the equivalent power was determined so that the paraxial
image is in focus (emmetropia) when the anterior surface is posi-
tioned at the specified distance from the cornea.

The crystalline lens equivalent power (23.69 diopters [D]) is 1.95
D stronger than the acrylicIOL and 1.34 D stronger than the silicone
IOL. This is because of the difference in the index of refraction, the
thickness, and that the more posterior location of the posterior sur-
face of the phakic lens leads to a greater effective power for emme-
tropia. The secondary nodal point for the phakic eye is 16.179 mm
from the retina, compared with 16.464 mm for the acrylic IOL eye,
which would result in a 1.8% image magnification in pseudophakia
with acrylic material compared with the phakic eye.

Visual Field and Retinal Field Angles

Input VFAs in object space are measured relative to the visual axis,
which is defined as zero degrees. Figure 1 shows this angle. In
contrast, previous calculations measured angles to the optical
axis, which joins the anterior pole and the posterior pole for a
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circularly symmetric eye model.” Retinal locations are specified
here using RFAs, which are measured from the secondary nodal
point of the phakic eye (16.179 mm from the retina and
7.321 mm from the corneal vertex (Figure 1), using the visual
axis as the zero reference angle. This also differs from earlier
studies that used the optical axis as the reference. The relationship
between the RFAs and VFAs for the phakic model eye was calcu-
lated using the chief ray that goes through the center of the pupil,
and this is plotted as the green lines in Figure 2. This is remarkably
linear over a very large range of angles, and the 1:1 correspondence
is a consequence of using the nodal points as a reference. This pro-
vides a one-to-one method for relating retinal locations to their
corresponding visual angles for the phakic and pseudophakic
eye. The RFA allows these image locations to be compared, and
the 1:1 relationship to input VFAs in Figure 2 for the phakic eye
then enables these results to be used directly for “apparent” VFA
in the pseudophakic eye. The RFA in the pseudophakic eye corre-
sponds to the “apparent” VFA, despite the VFA from which it
actually originated.

The ray-tracing phakic eye model could only calculate values to
94 degrees so the remaining values for the green lines in Figure 2
were manually calculated to the measured nominal maximum hu-
man temporal VFA of 109 degrees.”® This maximum angle corre-
sponds to a nominal angular deviation by the cornea of 14 degrees
for rays at large angles; thus, a ray must be slightly less than 90 de-
grees to the optical axis at the pupil to enter the pupil. Adding an
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Figure 1. Parameters used for the nominal model eyes. Drawing of
right eye from above (AP-N, = anterior pole to phakic secondary
nodal point = 7.321 mm; AP-P = anterior pole to pupil (external
anterior chamber depth) = 4.0 mm; AP-PP = axial
length = 23.5 mm (anterior pole to posterior pole); C-PP = center
of retinal sphere = 12.0 mm; P-IOL = pupil to anterior vertex of
intraocular lens = 0.5 mm)

additional 5 degrees for the angle between the optical axis and the
visual axis, the maximum VFA in this study's phakic model is 14
degrees + 90 degrees + 5 degrees = 109 degrees, which matches
the measured value.

Calculations were then made for the acrylic pseudophakic eye
(2.5 mm and 5.0 mm pupils), determining the maximum RFA
for a given VFA for rays refracted by the IOL (blue curves) and
minimum RFA for a given VFA for rays missing the optic of the
IOL (red curves) shown in Figure 2. The same reference point
(phakic N,) was used for all RFAs to give the same scaling for
retinal locations.

For the 2.5 mm pupil, the blue curve has excellent 1:1 agreement
with the phakic eye up to a VFA of 83.8 degrees but then becomes
compressed with a cusp and a reversal of the curve with a
maximum RFA of 85.7 degrees. These characteristics are a conse-
quence of light no longer being properly focused by the IOL at
large visual angles, which is distinctly different from the phakic
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eye.”'” The acrylic equi-biconvex pseudophakic VFA and RFA
limits are primarily a result of the anterior vertex of the IOL being
more posterior in the eye than in the young crystalline lens
(4.5 mm versus 3.6 mm) and a much smaller optic diameter
(6.0 mm versus 9.5 mm).'"'? The red line shows the VFA versus
RFA for the rays missing the optic of the IOL (Figure 2).

For the 5.0 mm pupil, the blue curve deviates slightly more
above the green line because the maximum RFA refracted by the
IOL has a larger pencil of light entering the larger pupil
(Figure 2). The maximum refracted RFA increases to 91.2 degrees
(5.5 degrees larger than the 2.5 mm pupil) and corresponds to a
similar VFA of 92.1 degrees. The red curve shows the RFA versus
VFA for rays missing the optic of the IOL and extends to a much
lower minimum VFA of 41.6 degrees due to the larger pupil.
Figure 3 shows the limits of the ray tracing for the phakic eyes
and pseudophakic eyes for both pupil sizes.

Ray-Tracing Calculations

In the ray-tracing simulations, only the horizontal section was
used so as to illustrate the optical effects in the temporal visual
field. Rays were traced to determine (1) the maximum angle at
which a ray could pass through both the pupil and posterior nasal
surface of the IOL and (2) the minimum angle at which a ray could
pass through the pupil but miss the edge of the IOL. The VFAs and
RFAs were recorded for all conditions.

In contrast, Figure 3, A, green area, shows the limiting rays that
enter 2.5 mm and 5.0 mm pupils for the phakic eye model. All
green rays that enter the pupil pass through the crystalline lens
because the iris is draped snugly against the anterior lens capsule
and no rays miss the lens. The range is continuous from 0 degree
(visual axis) to a nominal maximum VFA and RFA of 109 degrees
(green area).

The limiting rays refracted by the IOL (Figure 3, B, blue area)
and missing the optic of the IOL (Figure 3, C, red area) are shown
for the acrylic pseudophakic model with a 2.5 mm pupil and
5.0 mm pupil. There is a slight gap of —2.6 degrees between the
maximum limiting RFA (85.7 degrees) refracted by the IOL and
the minimum limiting RFA (88.3 degrees) that misses the IOL
for the 2.5 mm pupil. This gap indicates that the temporal field
would have a small shadow for the nominal parameters. In this
study's model, the missing rays (Figure 3, C) would range from
a VFA of 83.8 degrees to 109 degrees, which would correspond

Figure 2. For 2.5 mm and 5.0 mm
pupils, the green curves demon-
strate the equivalency of the VFA
and RFA in the phakic model from
0to 109 degrees. For the 2.5 mm pu-
pil (eft) and the acrylic equi-
B biconvex pseudophakic model, the
|| VFA and RFA for rays refracted by
the IOL (blue curve) are equivalent
up to 75 degrees, but the maximum
. VFA is reduced to 97 degrees corre-
sponding to an even smaller RFA of
83.3 degrees. The maximum RFA is
= 85.7 degrees, which corresponds to
a VFA of 92.5 degrees. The rays that
miss the IOL (red curve) range from

e 88.3 to 104 degrees, leaving a gap
100 110 (shadow) of 2.6 degrees (gray area).
For the 5.0 mm pupil (ight), the
range of rays missing the IOL in-
creases significantly, resulting in a
46.9-degree overlap in theretinal im-
ages (green area) (IOL = intraocular
lens; RFA = retinal field angle;
VFA = visual field angle).

" Maximum VFA is
reduced from =
109° to 104°

40 S0 60 70 80 90
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Figure 3. Limiting rays for 3 situations (A) phakic (B), pseudophakic maximum refracted rays by IOL, and (C) pseudophakic minimum and
maximum rays missing IOL (IOL = intraocular lens; RFA = retinal field angle; VFA = visual field angle).

to an RFA of 88.3 to 114 degrees (although in the phakic eye, the
maximum RFA is 109 degrees, which represents the limit of func-
tional retina in the model). For the 5.0 mm pupil in Figure 3, C,
there is a 46.9-degree overlap (RFA from 44.3 to 91.2 degrees)
of the rays refracted by the IOL and those that miss the IOL, indi-
cating that no shadow is present. The rays that miss the IOL could
occur even when the IOL apex is at the pupillary plane if the front
surface is convex (not plano) because there is a sagittal drop from
the posterior nasal edge of the pupil to the anterior surface of the
IOL. The nasal space between the iris and the IOL also increases
the more the pupil is decentered nasally from the optical axis.

Two additional important anatomic parameters that are var-
ied in the ray-tracing calculations are the axial separation be-
tween the iris and the IOL and angle k. The axial separation
and angle k affect the limiting rays refracted by and missing
the optic of the IOL (Figure 4A and 4B). Actual pupil diameters
of 2.5 mm and 5.0 mm were used for the calculations, which
correspond to apparent entrance pupils seen by the clinician
of 286 mm and 5.73 mm diameter (14.5% magnification by
cornea). The small pupil and large pupil were used to show
the clinical finding that negative dysphotopsia is visible for small
pupils only and the effect disappears as the pupil diameter
increases.

RESULTS

Decentration of Pupil (Angle k) and Axial Location of the
Intraocular Lens

For the nominal equi-biconvex acrylic IOL summarized in
Table 1, the graphs in Figures 4A and 4B were generated for
a2.5and 5.0 mm pupil for 4 conditions: (1) angle k = +5.0
degrees with pupil centered on optical axis, (2) angle
k = +2.5 degrees, near the mean for emmetropia, (3) angle
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k = 0.0 degree with pupil centered on visual axis, and (4)
angle k = —2.5 degrees. Angle K’s were implemented as
actual nasal pupil decentration to the optical axis of 0.0,
0.17, 0.34, and 0.5 mm, respectively. For the graphs in
Figures 4A and 4B, the x-axis is the axial distance of the
anterior vertex of the IOL behind the iris and the y-axis is
the RFA subtended by the retinal intersecting ray deter-
mined using Snell's Law. The blue points are the most ante-
rior rays refracted by the IOL, which have the most anterior
retinal intersection, and they indicate the maximum
limiting ray angles refracted by the IOL. These rays would
originate at very large VFAs and are limited by the temporal
edge of the pupil and posterior nasal edge of the IOL. The
red points are for the minimum limiting rays that just
miss the IOL, which have the most posterior retinal inter-
section. These rays would typically originate from smaller
VFAs, and they represent the ray that would just graze
the nasal pupil and nasal edge of the IOL. The gray-
shaded areas in Figure 4A indicate the region of negative
dysphotopsia for each angle k as a function of the RFA
and the axial distance of IOL behind the iris for the
2.5 mm pupil. The purple-shaded areas in Figure 4B indi-
cate the region of overlap for each angle k as a function
of the RFA and the axial distance of IOL behind the iris
for the 5.0 mm pupil, leaving no shadow.

In Figure 4A, the maximum axial distance and area for
negative dysphotopsia decrease as angle k decreases. Notice
that the curve for the missing rays (red) is almost linear
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(straight line) as a function of the RFA and axial space
behind the iris, whereas the plot of the refracted rays
(blue) is curvilinear with steeper slopes for small axial spaces
and flatter slopes for larger, and both depend on angle k.

For a small photopic pupil, angle k and the axial separa-
tion between the iris and IOL are predominant factors
determining the presence of a gap or overlap of the limiting
rays refracted by the IOL and those missing the optic of the
IOL. The cause of this sensitivity to the pupil can be seen in
Figure 3, B and C, for the 2.5 mm pupil, where the rays that
miss the IOL are limited directly by the pupil. For larger pu-
pils, light from much smaller visual angles can bypass the
IOL and illuminate lower RFAs, resulting in no gap and
no perceived shadow.

Shape and Material of Intraocular Lenses

Another important primary factor determining the location
of the limiting anterior pseudophakic ray is the shape of the
IOL. Figure 5 shows rays from a large VFA (80 degrees)
passing through emmetropic IOLs with different shapes
(convex-plano, equi-biconvex, and plano-convex) that all
have their anterior vertex at the same location. As the ray
tracing and the drawing show, the convex-plano IOL has
the shortest focus that is farthest from the retina, followed

Gray Area indicates region of ND
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for AcrylicIOL in Table 1
88.3°

85.7°

Figure 4A. Variation in the gap or
shadow (gray area) as a function
of angle k versus axial distance of
IOL behind iris for a 2.5 mm pupil
(Ant = anterior; IOL = intraocular
lens; ND = negative dysphotop-
sia; Post = posterior).

04 05 06 07 08 09 1

0.9 1

04 05 06 07 08

Axial Distance of IOL behind Iris (mm)

—a—Most Post Missing Ray

~—@— Most Ant Ref Ray

by the equi-biconvex and then the plano-convex, which
has the longest focus that is nearest the retina. The
convex-plano IOL has the greatest spread because it is the
most out of focus. The focus in the periphery is not critical
because of the poor resolution of the retina in the periphery;
however, the convex-plano IOL with the greatest spread also
has the most anterior maximum limiting ray refracted by the
IOL and therefore the smallest chance for negative dyspho-
topsia with all other factors equal.

Table 2 shows the limiting VFAs and RFAs along with
additional details, including the size of the gap (negative)
or overlap (positive) in degrees of RFA (last row). The
parameters affecting the gap or overlap from 3 differ-
ently shaped IOLs are given for 2 different locations
for the axial position of the IOL. In columns 2, 3, and
4, the condition with all 3 shapes of IOLs with their ante-
rior vertex at 0.500 mm is shown for the nominal condi-
tions, which correspond to the IOL locations in Figure 5.
In the last row, the convex-plano IOL has a + 5.4-degree
overlap (no negative dysphotopsia) of the refracted and
missing rays whereas there are gaps of —2.6 and —6.1
degrees for the equi-biconvex and plano-convex IOLs,
respectively. In columns 5, 6, and 7, a second condition
is shown, with the anterior edge of the 3 acrylic IOLs at
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the same position as the original equi-biconvex IOL
(0.73 mm), making the minimum limiting missing ray
for each IOL identical so that the only difference is the
maximum refracted ray for each IOL. This comparison
isolates the change specifically to the shape of the IOL
and shows that the equi-biconvex shape has the greatest
gap (—2.6 degrees) with all other factors equal and
would have the highest risk for negative dysphotopsia.

L
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In the last 3 columns (8, 9, and 10) in Table 2 the material
is changed to a 1.46 refractive index value, like a silicone or
low index acrylic IOL, with the anterior edge of the 3 differ-
ently shaped IOLs at 0.73 mm (same as the acrylic). The
maximum refracted VFA is similar to the acrylic IOLs,
but the maximum refracted RFA for the convex-plano
IOL is approximately 14.2 degrees higher making the over-
lap +19.7 degrees. The silicone equi-biconvex has a gap
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Figure 5. The shape of the IOL also has a significant effect on the focus and consequent spread of limiting rays refracted by the IOL on the
retina. The VFA is 80 degrees, and the nominal conditions for the acrylic IOL are in columns 2, 3, and 4 of Table 2. The convex-plano IOL
(left) has the shortest focus and consequently the greatest spread of RFAs. The plano-convex IOL (right) has the longest focus and the least
spread of RFAs, with the equi-biconvex (middle) in between.
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Table 2. Effect of shape and material of IOL on shadow.

Anterior Vertex of IOL @ 0.500 mm Anterior Edge of IOL @ 0.730 mm

Acrylic Acrylic Silicone

Convex- Equi- Plano- Convex- Equi- Plano- Convex- Equi- Plano-
Parameter Plano Biconvex | Convex Plano Biconvex | Convex Plano Biconvex | Convex
Power (D) 21.19 21.69 22.29 20.74 21.69 22.83 21.19 22.00 24.22
Anterior vertex (mm) 0.500 0.500 0.500 0.274 0.500 0.730 —0.062 0.322 0.730
Anterior edge (mm) 0.956 0.730 0.500 0.730 0.730 0.730 0.730 0.730 0.730
Edge thickness (mm) 0.204 0.200 0.179 0.200 0.200 0.200 0.200 0.200 0.200
Center thickness (mm) 0.660 0.660 0.660 0.646 0.660 0.693 0.992 1.016 1.171
Sag1 (mm) 0.456 0.230 0.000 0.446 0.230 0.000 0.792 0.408 0.000
Sag?2 (mm) 0.000 0.230 0.481 0.000 0.230 0.493 0.000 0.408 0.971
Max ref VFA (°) 89.1 92,5 100.5 93.9 92,5 96.3 921 94.5 96.0
Max ref RFA (°) 86.19 85.7 90.2 93.8 85.7 88.9 108.0 87.9 88.5
Min miss VFA (°) 76.7 83.8 91.5 83.8 83.8 83.8 83.8 83.8 83.8
Min miss RFA (°) 80.8 88.3 96.3 88.3 88.3 88.3 88.3 88.3 88.3
Ref-miss RFA” (°) +5.4 -2.6' —6.1" +5.5 -2.6' +0.6 +19.7 —0.4' +0.2

IOL = intraocular lens; miss = missing; Ref = refracted; Ref-miss = refracted minus missing; RFA = retinal field angle; Sag = sagittal; VFA = visual field angle

*Negative sign indicates “gap” or shadow; positive sign indicates overlap
TShadow

that is 2.2 degrees less than the acrylic but is still slightly
negative (—0.4 degrees) and the silicone plano-convex is
almost identical.

Table 3 shows the effect of power for each IOL shape. The
low, mid, and high equi-biconvex powers are 10.0 D, 21.69
D, and 30.0 D, respectively. The powers for the convex-
plano and plano-convex have the same paraxial focus as
the respective equi-biconvex. For the equi-biconvex and
the plano-convex, the last row decreases as the IOL power
increases (more gap or less overlap). In contrast, the
convex-plano increases the overlap with the increase in
IOL power. Figure 5 shows the cause. The short focus of
the convex-plano IOL becomes even shorter with
increasing power causing the fan of rays to spread even
more, resulting in a maximum RFA of 108.4 degrees and
an overlap of 20.1 degrees.

Effect of Anterior Capsule Overlapping the Intraocular
Lens

The maximum limiting rays refracted by the IOL strike the
anterior surface of the IOL within a few hundredths of a
millimeter from the anterior edge, at incident angles that
are just less than 90 degrees. Reflection values are plotted
in Figure 6 as a function of incident angle for both IOL ma-
terials and the lens capsule. The amount of light reflected at
these large angles would be in excess of 90%, leaving less
than 10% actually transmitted to the retina. If the nasal
portion of the IOL were covered by anterior capsule, with
reflections at both the anterior and posterior surfaces of
the capsule, the transmitted intensity would be greatly
reduced. The reduction in intensity would be similar at

both the front surface and back surface of the anterior
capsule, resulting in less than 1% of the light actually inci-
dent on the anterior IOL. The anterior capsule would there-
fore serve as an additional factor, significantly reducing the
intensity of the maximum limiting refracted ray.

Secondary Factors

The ray-tracing analysis showed that edge design (truncated
versus rounded and edge thickness), optic diameter, decen-
tration/tilt of IOL, and aspheric surface(s) are secondary fac-
tors that affect the gap or overlap by less than a few degrees
of RFA. The material, asphericity of the surface(s), and trun-
cated or rounded edge design, only affect the maximum re-
fracted rays (no effect on the rays missing the optic of the
IOL). The diameter, decentration/tilt, and edge thickness
of the IOL move the refracted and missing rays similarly
so the effect on the gap (or overlap) is minimal, making their
impact on negative dysphotopsia even less.

The introduction of aspheric surfaces adds another level
of complexity to the ray tracing. Aspheric IOLs are intended
to reduce the positive spherical aberration of the cornea,
which is nominally +0.27 pm over a 6.0 mm zone,
with current aspheric IOLs ranging from 0.00 pm
to —0.27 um. The result of negative asphericity in the
IOL surface is a progressive reduction in the curvature (po-
wer) of the IOL surface moving toward the periphery of up
to approximately 1.5 D. The reduction in peripheral power
would reduce the maximum limiting refracted ray by the
IOL to a smaller RFA; however, the exact amount would
depend on the amount of asphericity, the shape and power
of the IOL, and the surface(s) used. The overall effect of
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Table 3. Acrylic IOL with low, mid, and high dioptric powers with anterior edge of IOL @ 0.730 mm.
Convex-Plano Equi-Biconvex Plano-Convex

Parameter Low Mid High Low Mid High Low Mid High
Power (D) 9.77 20.74 28.10 10.00 21.69 30.00 10.24 22.83 32.30
Anterior vertex (mm) 0.524 0.274 0.114 0.625 0.500 0.410 0.730 0.730 0.730
Anterior edge (mm) 0.730 0.730 0.730 0.730 0.730 0.730 0.730 0.730 0.730
Edge thickness (mm) 0.200 0.200 0.200 0.200 0.200 0.200 0.200 0.200 0.200
Center thickness 0.407 0.646 0.817 0.410 0.660 0.840 0.417 0.693 0.918

(mm)
Sag1 (mm) 0.206 0.446 0.616 0.105 0.230 0.320 0.000 0.000 0.000
Sag2 (mm) 0.000 0.000 0.000 0.105 0.230 0.320 0.216 0.493 0.718
Max ref VFA (°) 93.6 93.9 105.0 96.7 925 91.7 96.3 96.3 96.3
Max ref RFA (°) 90.6 93.8 108.4 90.4 85.7 84.3 91.8 88.9 85.4
Min miss VFA (°) 83.8 83.8 83.8 83.8 83.8 83.8 83.8 83.8 83.8
Min miss RFA (°) 88.3 88.3 88.3 88.3 88.3 88.3 88.3 88.3 88.3
Ref-miss RFA* (°) +2.3 +5.5 +20.1 +2.1 —26' —4.0' +3.5 +0.6 —29'

IOL = intraocular lens; miss = missing; Ref = refracted; Ref-miss = refracted minus missing; RFA = retinal field angle; Sag = sagittal; VFA = visual field angle
*Negative sign indicates “gap” with negative dysphotopsia; positive sign indicates overlap

"Negative dysphotopsia

negative asphericity would be to reduce the maximum re-
fracted ray by the IOL and slightly increase the risk for
negative dysphotopsia proportional to the amount of nega-
tive spherical aberration in the IOL.

DISCUSSION

In the article by Holladay et al.,” a type 3 shadow, which was
defined as the shadow region between rays that pass
through the periphery of the posterior optical surface and
rays that pass through the actual edge of the IOL, was
concluded to be the cause of negative dysphotopsia. For
the 2.5 mm pupil in their Table 1, the ray forming the ante-
rior border of the type 3 shadow on the retina originates
from an angle of 81.0 degrees and the posterior ray from
93.4 degrees to the optical axis. However, only pencils of
rays from the limiting angles were used. In our Figure 3
(B in top and bottom rows), the rays refracted by the IOL
are not limited to a minimum of 81.0 degrees but extend
all the way back to the fovea (0 degree). When these rays
from smaller angles are added, they completely cover the
type 3 shadow, as shown in Figure 7 (light blue area). If
all the rays entering the pupil were used, as in natural con-
ditions, there would be no shadow from this cause.

Our ray tracing indicates that the primary factors deter-
mining the presence of a temporal shadow are smaller pho-
topic pupil, higher angle k, equi-biconvex shape with higher
power of IOL, smaller axial location, and nasal anterior
capsule overlying anterior IOL (Figure 8). It is almost impos-
sible clinically to know whether the nasal anterior capsule is
contributing to negative dysphotopsia; however, there is
very little risk in removal with the laser, and 60% improve-
ment has been reported with both plate-haptic and looped-
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haptic posterior chamber in-the-bag IOLs. A recent
article by Makhotkina et al.'® corroborates our finding
that for equi-biconvex IOLs, the risk for negative dyspho-
topsia increases with higher IOL powers. However, higher
IOL powers are also associated with hyperopia, which is
also associated with higher angle k’s” and smaller pupils,'”"*
which independently are primary causative factors of
negative dysphotopsia.

Secondary factors include IOL edge design (rounded or
truncated) and edge thickness, material, diameter, tilt/de-
centration, and negative asphericity of 1 or both surfaces.
When the gap between the rays refracted and missing the
IOL is small (1 or 2 degrees), the patient might perceive
the shadow as a dark vertical line. For larger gaps, they
would report a dark crescent-shaped shadow as in the pa-
tient drawings in Figure 9.

Figure 10 shows simulated retinal images of shadows
with a varying width and temporal location for a 2.5 mm
pupil. The central image represents the nominal conditions
in Table 1 (acrylic IOL) and Figures 3, B, and 4A, with a 2.6-
degree shadow located temporally from RFAs of 85.7 to
88.3 degrees. The other images come from the graphs in
Figure 4A, in which the length of a vertical slice of the
shaded area would be the width of the shadow and the cor-
responding red points and blue points, the RFA locations.
All the factors increasing the risk for negative dysphotopsia
would increase the width of the shadow. The location, how-
ever, is more complex and depends on the other variables.
For example, from Figure 4A it can be seen that as the axial
separation becomes shorter or angle K increases, the RFAs
become larger and thus the location becomes more periph-
eral. From Figure 4A it is clear that unless angle k is
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Reflectance (%)

0 10 20 30 40 50 60 70 80 90
Incident Angle (degrees)

—e—Acrylic/Aqueous —#—Silicone/Aqueous
—=— Capsule/Aqueous

Figure 6. Reflectance curves for aqueous-acrylic (1.336, 1.550),
aqueous-silicone (1.336, 1.460), and aqueous—capsule (1.336,
1.413 Gullstrand's). The amount of light reflected by the IOL would
be in excess of 90% for the maximum limiting refracted ray leaving
less than 10% actually transmitted. If the capsule is in the light path,
the light transmitted through the capsule is less than 1%. Removal
of nasal capsule overlying the anterior IOL surface has been shown
to reduce or eliminate negative dysphotopsia.

considered, the axial position of the IOL would not corre-
late with the presence of negative dysphotopsia, as found
clinically by Vamosi et al.'”

The mean angle k is 3.0 degrees £ 0.13 (SD) (higher for
hyperopia and lower for myopia); therefore, values above

FACTORS

Primary

e Smaller photopic pupil

e Larger positive angle K

e Shape of IOL (with steeper posterior surface)

e Smaller axial distance of IOL behind iris

e Nasal anterior capsule overlying anterior nasal IOL

e Higher dioptric power if equi-biconvex or plano-
convex

e Optic—haptic junction of IOL not horizontal (or
superonasal by 30°)

Secondary
e Edge design (truncated versus rounded and
thickness)
e Material of IOL (higher versus lower index)
e Negative aspheric surface(s)

Figure 8. Factors increasing risk for negative dysphotopsia in order
of importance (x = angle kappa; IOL = intraocular lens).

mmm
-
1

Area of retina illuminated by rays from 0° to 81°
refracted by IOL cover the Type 3 Shadow
1

Type 2 Shadow
Type 3 Shadow

Figure 7. Ray trace of type 3 shadow, modified from Holladay et al.,®
where the ray forming the anterior border of the type 3 shadow orig-
inates from an angle of 81.0 degrees to the optical axis passing
through the nasal posterior surface of the IOL and the posterior
ray from 93.4 degrees to the nasal edge from the shadow between
shown on the retina. However, when rays from smaller angles pass-
ing through the lens (0 to 81 degrees) are added, as occurs in natural
conditions, they completely cover the type 3 shadow, as shown in
the figure (IOL = intraocular lens).

3.26 degrees (mean + 2 SD) would be considered abnor-
mally high.® Current optical biometers and topographers
report chord length k (approximation of angle k); however,
this value is given in millimeters (or microns) and is
referred to as the pupil barycenter.”” A standard approxi-
mation conversion of 1.0 mm to 7.5 degrees can be used
when measured along the surface of the cornea’'; thus,
chord length values above 0.44 mm (3.26 degrees/7.5 de-
grees) are abnormally high. Patients with a chord length
k of 0.44 mm or higher would be at an increasingly higher
risk for negative dysphotopsia, as has also been found for
halos and glare with diffractive multifocal IOLs.”**’

Using a convex-plano optic IOL should reduce the risk
for negative dysphotopsia; however, the complex interplay
of factors shown in Figure 8, some of which the surgeon
cannot control, can never eliminate the possibility of nega-
tive dysphotopsia. Clinical evaluations of negative dyspho-
topsia have typically not reported all the parameters in
Figure 8 because at the time they were not known to be
important. The horizontal VFA at which the shadow is
most prominent and the angular width of the shadow
have not previously been reported. Figure 4 indicates that
the location would be from 80 to 105 degrees RFA and
the width from near zero (dark vertical line) to 6 degrees
(maximum horizontal width of shadow temporally). The
methods in this paper now provide a framework for evalu-
ating the eye parameters in detail.

It is also evident that the effect of larger diameter IOLs
(oval or round) would not necessarily reduce or eliminate
the gap, as has been found clinically,”* because a larger
diameter IOL would affect the missing and refracted rays
similarly and move the gap, but not necessarily reduce it.
This might also be a factor in why secondary piggyback
IOLs are not always successful in eliminating or reducing
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. Figure 9. Patient drawings of
A¥ RN ‘ z 1 negative dysphotopsia. Note that
\| 2 in the bottom right corner, the
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ted with permission).

Alcon (SNS0)
Osher Dark

negative dysphotopsia because the effect on the refracted
rays and missing rays is similar.

In our model, we have considered the optic of the IOL to
be circular and the minimum ray missing the IOL to be
limited by the nasal pupil and nasal edge of the optic of
the IOL. This is true for 3-piece IOLs but is not true for 1-
piece IOLs or plate-haptic IOLs. In these latter IOLs, if the
IOL is oriented so that the optic-haptic junctions are placed
horizontally (3 o'clock and 9 o'clock), the limiting ray
missing the optic will pass through the haptic of the IOL.

Simple haptics (surfaces are parallel) do not deviate the
ray but rather displace the ray posteriorly by an amount
that depends on the thickness and index of refraction of
the haptic and the angle of incidence of the ray.”” Refraction
by a simple haptic will displace posteriorly the minimum
limiting ray just missing the optic by approximately one

Increasing Width of Shadow

half the thickness of the haptic, which can reduce or elim-
inate the shadow on the retina.

In our presentation on dysphotopsia at the American
Society of Cataract and Refractive Surgery Cornea
Day,” we proposed that a 1-piece IOL should be rotated
such that the shoulders (optic-haptic junctions) are
exactly horizontal. This was a result of an observation
by Stulting® that negative dysphotopsia was reduced
with this orientation.” Henderson et al.”® have performed
an excellent clinical study in which they placed the optic-
haptic junction at 30 degrees in right eyes (2 o'clock and
8 o'clock) and at 150 degrees in left eyes (10 o'clock and 4
o'clock), reducing the incidence of negative dysphotopsia
by 2.3 on day 1. However, the mechanism is not from
“blocking the light” as they suggest because the haptic re-
fracts incident light. Also, it is not the inferotemporal

Figure 10. Simulated retinal images of
shadows with varying width and temporal
location for a 2.5 mm pupil. The central image
represents the nominal conditions in Table 1
(acrylic IOL) and Figures 3, B, and 4A with a
2.6-degree shadow located temporally from
RFAs of 85.7 to 88.3 degrees. The other im-
ages come from the graphs in Figure 4A,
where the length of a vertical slice of the
shaded area would be the width of the shadow
and the corresponding red and blue points the
RFA locations. All factors increasing the risk
for negative dysphotopsia would increase
the width of the shadow. The location, howev-
er, is more complex and depends on each
parameter. For example, from Figure 4A it
can be seen that as the axial distance
becomes shorter or angle «k increases, the
location (RFAs) become larger and thus the
location becomes more peripheral.

Increasing Temporal Location of Shadow
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haptic (4 o'clock or 8 o'clock) that reduces negative dys-
photopsia but the superonasal haptic (2 o'clock or 10
o'clock) reducing the shadow on the superonasal retina
(inferonasal visual field). In Figure 10, it is apparent
that the temporal field is larger inferiorly than superiorly
so that aligning the nasal optic-haptic junction slightly
superiorly (up to 30 degrees or 1 clock hour) might be
preferable to horizontal. However, this will require
further study.

We also evaluated the visual field in pseudophakia in
terms of a double retinal image and constriction. For the
2.5 mm pupil, Figures 3 and 4A show the ray-tracing calcu-
lations for our nominal acrylic IOL; note the slight gap be-
tween the refracted rays and the missing rays, which would
result in the perception of a shadow. The retinal image in
the far periphery of the pseudophakic eye (Figure 3, B
and C) is different from the image formed in the phakic
eye (Figure 3, A). For the 2.5 mm pupil (Figure 2, left), pseu-
dophakic VFAs from 83.8 to 97 degrees (blue area) are
imaged at 2 different locations on the retina because a
portion of the light is refracted by the IOL (blue curve)
and the remainder of the light misses the IOL (red curve).
The double retinal image might appear to be continuous
to the observer if there is an overlap of these 2 retinal images
because the peripheral retina is so low in resolution (count-
ing fingers at a few feet).”

The ray-tracing analysis also showed that the pseudo-
phakic maximum VFA is slightly constricted (Figure 2,
red area) to 104 degrees compared with 109 degrees in
the phakic eye. There will always be rays that miss the
IOL if there is a space between the iris and IOL, and these
rays missing the IOL are the only source of VFAs above
97 degrees.

In Figure 3, C, it is apparent that most rays missing the
IOL must pass through the peripheral capsule and only a
small portion of the rays would pass through the zonular
space, which decreases or disappears with time postopera-
tively.”” In the early postoperative period, the capsule ap-
pears clear and the resulting image on the retina would be
somewhat out of focus depending on the IOL shape
(Figure 5); however, a shadow (or gap) would still be
distinct. The rays on the peripheral capsule are still oblique,
but at significantly smaller angles ( ~ 65 degrees) than those
on the anterior capsule overlying the IOL (near 90 degrees)
because of the curvature of the anterior IOL surface and the
larger VFA. As seen in Figure 6, at incident angles of less
than 85 degrees, the vast majority of light is transmitted.
With time, the lens epithelial cells (LECs) that lie under
the anterior and equatorial lens capsule”*”’ begin the pro-
cess of opacification (become translucent), which would
cause significant forward lightscatter.””** In the vast ma-
jority of patients, the scattered light would fill the void
(gap) that causes negative dysphotopsia, explaining the
84% reduction in negative dysphotopsia by the second to
third year after surgery.”” However, the rate of opacification
is quite variable and the area is patchy and unique to each
patient; therefore, a window of clear nasal capsule could

remain, resulting in a few patients for whom negative dys-
photopsia might never disappear.

There are limitations to our model. The human eye is
much more complicated than our model. The corneal sur-
faces are not simple prolate surfaces but irregular,”* the
iris is not exactly orthogonal to the optical axis and has
varying thickness,”” IOLs are often decentered or
tilted,”””° the retina is not a spherical or even an elliptical
surface,'”” and only simple IOL edges and haptics were
considered. Also, the IOL optical surfaces go to the lens
edge, which is not always the case, in particular for lower
refractive index materials. Nevertheless, the direction of
the effect of the primary and secondary causative factors
shown in Figure 8 will not change with more complicated
models and the values in our models are only approxima-
tions that are useful for populations but not for specific
eyes. In short, all patients matching the nominal parame-
ters for an acrylic IOL in Table 2 would not have a 2.6-
degree gap and consequent negative dysphotopsia.
However, those with smaller pupils, higher angle k’s and
an equi-biconvex shaped IOL with negative asphericity,
higher index of refraction, higher dioptric power, trun-
cated edges, and anterior nasal capsule overlying the
IOL are at higher risk.

Successful treatment of negative dysphotopsia requires
eliminating the gap between the maximum refracted ray
and the minimum ray missing the IOL optic, or moving
the gap anteriorly beyond functional retina. Using a 1-piece
or plate-haptic IOL and aligning the optic-haptic junction
between horizontally” and 30 degrees superonasally” at the
time of surgery is a preventative measure that will reduce
the risk for negative dysphotopsia.

Removal of the anterior capsule in the nasal quadrant
overlying the IOL is the simplest and safest first step to
reduce or eliminate negative dysphotopsia and has been re-
ported to be 60% successful.'” " Intraocular lens exchange
in the sulcus® and secondary piggyback IOL implantation
in the sulcus™ position the IOL closer to the posterior iris,
which would increase the minimum ray missing and the
maximum ray refracted by the IOL. This will move the
shadow farther peripherally but not necessarily beyond
the functional retina. Results in Table 2 and Figure 5 suggest
that a silicone convex-plano shaped IOL with a rounded
edge might be a better choice. If the maximum pseudo-
phakic ray is still posterior to the anterior limit of functional
retina and does not overlap the minimum ray missing the
IOL, the negative dysphotopsia will be reduced, but not
eliminated. It can only be eliminated if the maximum re-
fracted rays by the IOL are moved anterior to the limit of
functional retina (nominal RFA of 109 degrees) or overlap
the rays missing the IOL optic.

A rounded edge IOL*’ would increase the limiting ante-
rior refracted ray by a few degrees; however, it would also
eliminate the barrier to LECs, leading to an increase in pos-
terior capsule opacification (PCO), which yields a substan-
tial risk for complications when opening the posterior
capsule. Reverse optic capture might move the IOL
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anteriorly, which will move the possibility of a shadow
more peripherally or eliminate it. It also has the same effect
as removing the anterior nasal capsule and ensures that the
anterior surface of the IOL is fully exposed and the capsule
is not the limiting factor for nasal rays. However, it also in-
creases the risk for PCO, whereas laser removal of the ante-
rior capsule is safer and equally effective.

In summary, factors that increase the risk for negative
dysphotopsia might be categorized as patient characteristics
(small photopic pupil, high angle k, and hyperopia), IOL
design (equi-biconvex, high dioptric power, high index of
refraction, negatively aspheric, and truncated edges), and
surgical technique (uniform overlap of the nasal edge of
the IOL by anterior capsule*' and orientation of optic-
haptic junction not between horizontal and superonasal).
In the decade before Davison's first report of negative dys-
photopsia,’ TOL designs and surgical techniques that in-
crease the risk for negative dysphotopsia were becoming
more prevalent.

WHAT WAS KNOWN

o Negative dysphotopsia presents as a dark crescent-shaped
shadow in the extreme temporal periphery.

WHAT THIS PAPER ADDS

o When light rays that miss the optic of the IOL are considered

along with rays that are refracted, there can be a gap in the

peripheral retinal image that corresponds to negative

dysphotopsia.

Ray tracing identified that the primary factors are smaller

photopic pupil, larger angle k, shape of the IOL, axial loca-

tion and orientation of the IOL, and anterior capsule over-

lying anterior nasal IOL.

Higher dioptric power equi-biconvex-shaped IOLs create a

higher risk for negative dysphotopsia.

e There is a constriction and double retinal image of the
extreme temporal visual field in pseudophakia.
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